Haploidentical SCT (HaploSCT) has been most commonly performed using a myeloablative, TBI-based preparative regimen; however, the toxicity with this approach remains very high. We studied the feasibility of a reduced-intensity conditioning regimen in a phase II clinical trial using fludarabine, melphalan and thiotepa and antithymocyte globulin (ATG) for patients with advanced hematological malignancies undergoing T-cell depleted HaploSCT. Twenty-eight patients were entered in the study. Engraftment with donor-derived hematopoiesis was achieved in 78% of patients after a median of 13 days. Six patients experienced primary graft failure, three out of four tested patients had donor-specific anti-HLA antibodies (DSA) (P ¼ 0.001). Toxicity included mostly infections. A total of 21 out of 22 patients with AML/myelodysplastic syndrome (MDS) achieved remission after transplant (16 with relapsed/refractory AML). Five out of the 12 patients (42%) with AML/MDS with o15% BM blasts survived long term as compared with none with more advanced disease (P ¼ 0.03). HaploSCT with this fludarabine, melphalan and thiotepa and ATG RIC is an effective, well-tolerated conditioning regimen for patients with AML/MDS with low disease burden at the time of transplant and allowed a high rate of engraftment in patients without DSA. Patients with overt relapse fared poorly and require novel treatment strategies.
Introduction
Hematopoietic SCT is an effective treatment for advanced hematological malignancies.
1,2 An HLA-identical donor is preferred, however a matched sibling or unrelated donor is unavailable for many patients. 3, 4 Mismatched relatives represent an alternative donor source, and virtually all patients will have an available haploidentical donor.
Historically, haploidentical SCT (HaploSCT) has been limited by the high rates of graft rejection and acute GVHD (aGVHD). 5 T-cell depletion decreased the rate of GVHD at the expense of a higher risk of rejection and, in some settings, a reduced GVL effect associated with an increased relapse rate and severe infections. 6 Reisner et al. 7 reported that 'megadoses' of CD34 þ , collected by immunomagnetic separation as a T-cell depleted graft, can overcome HLA incompatibility and promote engraftment. Aversa et al. showed the feasibility of using high doses of CD34 þ cells in patients undergoing myeloablative HaploSCT. [8] [9] [10] [11] The preferred composition of the haploidentical graft should contain more than 10 Â 10 6 CD34 þ cells/kg and less than 5 Â 10 4 CD3 þ cells/kg body weight. 12 A greater degree of T-cell depletion was required when antithymocyte globulin (ATG) is not included in the regimen. 13 In children, higher numbers of CD34 þ cells infused resulted in more rapid immunological reconstitution. 14 Most studies have used a myeloablative, total body radiation-based preparative regimen for haploidentical transplantation. [8] [9] [10] [11] [15] [16] [17] [18] [19] This has been associated with a high rate of regimen-related toxicities, particularly in adult patients. A recent review identified median non-relapse mortality (NRM) of approximately 50% in HaploSCT patients treated with myeloablative conditioning. 20 Reduced-intensity preparative regimens have been developed to decrease regimen-related toxicities and allow treatment of patients with concurrent medical conditions or older. 21 The experience with such regimens for haploidentical transplantation has been limited, where a more profound immune suppression is required to prevent rejection. 22, 23 We studied the feasibility of a non-TBI preparative regimen using fludarabine, melphalan, thiotepa and ATG in adult patients with advanced hematological malignancies.
Patients and methods

Study protocol
This was a single-arm open-label phase II clinical trial, designed to evaluate the feasibility of the reduced-intensity conditioning regimen fludarabine, melphalan, thiotepa and ATG for haploSCT in patients less than 55 years of age with advanced hematological malignancies. All patients received a CD34
þ selected graft as a means of T-cell depletion. Donors received G-CSF 16-24 mg/kg subcutaneously per day for 4 days, and PBPCs were collected using the CliniMACS system 24 (Miltengi Biotec Inc, Auburn, CA, USA) and cryopreserved. Grafts were required to contain 45 Â 10 6 CD34 þ cells/kg stem cells. The study was reviewed and approved by the University of Texas MD Anderson Cancer Center Institutional Review Board. All patients provided written informed consent. Primary end points of the study were safety, engraftment and development of grade III-IV aGVHD. Secondary end points included the development of chronic GVHD, OS and disease-free survival.
HLA typing, matching, KIR-ligand mismatching Patients and donors were typed for alleles at HLA-A, B, C, DRB1, DRB3/4/5 and DQB1 by PCR amplification and oligonucleotide hybridization by molecular methods using commercial kits from Invitrogen (Carlsbad, CA, USA), ELPHA and/or One Lambda (Canoga Park, CA, USA), which achieve intermediate resolution. The patients were also typed for these loci by high-resolution methods using PCR amplification and nucleotide sequencing (Abbott, Abbott Park, IL, USA). HLA haplotypes were assigned by the analysis of the segregation of HLA alleles as genetically transmitted units. The parental origin of haplotypes was then ascertained. HLA matching was evaluated from the intermediate-and high-resolution results of the patient and the donors; the transplant pairs were classified in two categories: those that had two mismatches and those that had three or more mismatches in HLA-A, B, C, and DRB1 and DQB1 loci.
HLA-killer Ig-like receptor (KIR) ligands were identified by analyzing the intermediate-resolution and high-resolution results of HLA-B and C loci in the patient and donors. The polymorphism at residue 80 of HLA-B and C loci was analyzed to classify for the presence of the KIR ligands. The assignment into KIR-ligand groups was made from the interpretation of the high-resolution results or from the reactivity of oligonucleotide probes detecting sequence polymorphisms in codon 80. For the GvH and GVL vectors, the KIR-ligand mismatch was evaluated from the 'missing self' hypothesis of HLA-KIR ligands between the donor and the patient. The host-vs-graft vector for KIRligand mismatch correlated with the development of graft failure, whereas the GVL vector correlated with disease relapse disease, leukemia-free survival and OS.
Anti-HLA Ab testing
The presence of donor-specific anti-HLA antibodies (DSA) was determined in all patients starting after September 2005 by testing the patients' sera against a panel of fluorescent beads coated with single-HLA Ab preparations (LABScreen Single-Antigen, One Lambda) detected by a Luminex platform (Luminex, Austin, TX, USA). Ab titers were interpreted as normalized fluorescence intensity as defined by the kit's manufacturer against DSA mismatch. Fluorescence intensity less than 500 was considered negative, whereas positive fluorescence intensity ranging 500-1500, 1500-3000, 3000-7000 and more than 7000 were classified as weak, intermediate, strong and very strong, respectively.
Transplant conditioning regimen and supportive care
The conditioning regimen consisted of melphalan 140 mg/ m 2 on day À8, thiotepa 10 mg/m 2 on day À7, fludarabine 160 mg/m 2 in divided doses given on days À6, À5, À4 and À3 and 1.5 mg/kg/day of rabbit ATG on days À6, À5, À4 and À3. No other GVHD prophylaxis except T-cell depletion and no growth factors were routinely administered. All patients received anti-bacterial, anti-viral and anti-fungal prophylaxis with pentamidine or atovaquone, foscarnet, followed by gancyclovir or valacyclovir, and voriconazole or caspofungin, respectively. Pneumocystis carinii and CMV prophylaxis with pentamidine and foscarnet, started to be administered on day À1 after earlier experience revealed a high rate of Pneumocystis carinii and CMV infections in previously treated haploSCT patients.
Definitions
Engraftment was defined as achieving an ANC greater than 5 Â 10 9 /l for greater than 3 consecutive days before day 30, with donor-derived cells detected by DNA microsatellite analysis. 25 Plt recovery was defined as the first day on which the plt count was greater than 20 Â 10 9 /l unsupported by plt transfusions for 7 days. Primary graft failure was defined as failure to achieve an ANC45 Â 10 9 /l by day before day þ 30, and secondary graft failure as sustained graft loss (fall of ANC to o5 Â 10 9 /l) for 45 days after the initial engraftment. Acute GVHD and chronic GVHD were defined and graded according to previously described criteria. 26, 27 Other toxicity was scored using the National Cancer Institute criteria. 28 
Statistical considerations
Time to event was assessed starting on the day of transplantation. Actuarial OS and PFS were estimated by the method of Kaplan-Meier considering death from any cause, and disease progression or death in the absence of disease progression as the outcomes of interest, respectively. 29 The incidence of disease progression, NRM and GVHD was estimated using the cumulative incidence method to account for competing events. 30 Death in the absence of disease progression, disease progression and death without GVHD were considered as competing events for the respective outcomes. Comparison of outcomes was performed on univariate analysis using Cox's proportional hazards model. 31 Statistical significance was defined as 
Results
Patients
Twenty-eight patients with advanced hematological malignancies, all adults except one, were enrolled in this study.
All received a full-haplotype mismatched 1 transplant (X2 Ag mismatch) between October 2001 and April 2008. The patients' characteristics are summarized in Table 1 . The median age was 36 years (range 6-56). Twenty-two patients had AML or myelodysplastic syndrome (MDS) (79%), two had CML in blastic phase, and one had relapsed peripheral T-cell lymphoma (Table 1 ). Overall, 78% of patients with AML/MDS were not in remission at the time of transplant. Twelve patients (48%) had poor-risk cytogenetics, most frequently involving chromosomes 5, 7 or 8 (six patients).
All patients received filgrastim-mobilized PBSCs, in the majority of cases from a sibling donor (47%) ( Table 1 ). The median follow-up interval for surviving patients was 40 months (range 7-76 months).
Engraftment
Twenty-two out of the 28 (79%) patients achieved primary engraftment verified by peripheral blood PCR. One patient died on day 27 post transplant with hematological recovery because of respiratory failure. All patients who engrafted had 100% donor T cells and myeloid cells except one whose initial T-cell chimerism was 67%. Six patients failed to achieve primary engraftment presumably because of rejection. Five patients who rejected were treated with second transplants involving T-cell replete grafts; four were from the same donor and one from a different donor. The preparative regimen for the second transplants consisted of alemtuzumab (Campath, Genzyme, Cambridge, MA, USA) in three patients, and fludarabine/ATG in two patients. The remaining patient with graft failure received infusion of cryopreserved autologous cells and recovered without detectable donor cells. Four out of five patients treated with second haploidentical transplants engrafted and recovered hematopoiesis after the second transplant, three with full donor and two with mixed chimerism. The final engraftment was of 96% (Table 2) . 
GVHD
After the first transplant, five patients developed aGVHD (19%) with only two patients having grade II aGVHD (7%). None had grade III-IV aGVHD. Four out of 21 patients had chronic GVHD, two with extensive manifestations (both ocular involvement). These results confirmed the low rate of GVHD previously seen in patients receiving a T-cell depleted haploSCT [8] [9] [10] [11] 14, 22, 23 (Table 2) . One out of the five patients developed both acute (grade III) and extensive chronic GVHD after the second transplant.
Toxicity of the conditioning regimen, survival, relapse and causes of death The preparative regimen was relatively well tolerated with limited regimen-related toxicity. Grade III gastrointestinal Table 3a Correlation between donor-specific anti-HLA antibodies (DSA) and engraftment in four patients who experienced graft failure after T-cell depleted haploidentical transplantation with FMT conditioning regimen.
Patient no.
HLA AB type The primary cause of death was divided between disease relapse in 11 patients and NRM in 11 patients. Four patients died before day 100. Seven patients succumbed to infections (mostly lung infections/pneumonia, usually with multiple organisms), two because of multiorgan failure caused by disseminated adenovirus infection and sepsis, and two secondary to graft failure.
Infections
Infectious complications represented the major cause of morbidity and NRM in these patients, likely related to prolonged immune deficiency because of the T-cell depletion process. A total of 21 patients (75%) developed at least grade III infections. Most common type of infections was pneumonia in 19 and bacteriemia in 14 patients. Most common organisms most likely responsible for the lung infections were fungal (eight patients), viral (seven patients), Gram-positive bacteria (five patients), Gramnegative bacteria (four patients), nocardia (one patient), toxoplasma (one patient) and unknown organisms (four patients). Bacteriemia was because of Gram-positive organisms in seven and Gram-negative organisms in six patients.
Disease response and relapse
Twelve patients (44%) relapsed after a median of 72 days post transplant (Table 2 ). All relapses occurred in patients with active disease at the time of transplant, and all AML/ MDS patients with relapsed disease achieved remission after transplant with the fludarabine, melphalan and thiotepa and ATG regimen; however, this was obviously not enough to prevent relapse in these patients.
Outcomes of patients with AML/MDS
A total of 22 patients had AML/MDS, comprising the majority of patients in this study. Sixteen patients had relapsed/refractory disease at transplant (14 patients had unresponsive disease to the last chemotherapy received and 2 had untreated disease). CR was achieved in all evaluable patients after transplant. Only one patient died within 100 days of transplant. Overall, NRM for this group was 32% (Table 4, Figure 1 ), which appears lower than in the published studies with myeloablative conditioning. 20 Five out of 12 patients (42%) with AML/MDS in remission or with low disease burden at transplant (p15% BM blasts) survived long term as compared with none of those with high disease burden (415% blasts) (P ¼ 0.03, hazard ratio ¼ 3.3; Figure 2 ). Natural killer alloreactivity has been reported to have an important function in engraftment, disease relapse and transplant outcomes. 32, 33 The source of the mismatched haplotype could confer a survival advantage due to the natural tolerance to maternal antigens. 34 Although this was a small study and no definite conclusions can be drawn, the patients who survived long term in this study had both KIR-ligand mismatch in the GVL direction and a maternal source of the mismatched haplotype, effects that could not be separated because of small number of patients.
Discussion
HaploSCT using T-cell depletion and 'megadoses' of stem cells represents an important treatment option for patients who lack an HLA-matched related or unrelated donor.
HaploSCT has been most commonly performed using a total body radiation-based myeloablative conditioning regimen. The use of reduced-intensity preparative regimens has lowered the toxicity and treatment-related mortality in patients receiving histocomplatible transplants, and this approach holds the promise for haploSCTs as well.
We have evaluated a non-TBI-based reduced-intensity regimen using fludarabine, melphalan, thiotepa and ATG in patients with advanced hematological malignancies. This regimen was initially suggested by Aversa and Martelli who treated five patients with unfavorable results (Aversa, personal communication, 2000) .
A modified version of this regimen was previously reported in a small number of patients by Lacerda et al. 35 who performed haploSCT with T-cell depletion followed by preemptive donor lymphocyte infusion to prevent disease relapse. These patients also received CYA for GVHD prophylaxis. The fludarabine melphalan thiotepa preparative regimen was well tolerated. A total of 72% of surviving patients developed aGVHD with two cases of moderate-tosevere bronchiolitis obliterans. 35 The use of preemptive donor lymphocyte infusion could have been the reason for the high rate of aGVHD.
The Tuebingen group also used a variant of this regimen in combination with selective T-cell depletion for CD3/ CD19 cells to maintain the natural killer cells, monocytes and APCs in the graft. 36 Bethge et al. 36 ) and OKT-3 (5 mg/day on days À5 to þ 14) in 10 patients with hematological malignancies. No post transplant immunosupression was administered. All patients engrafted, day 100 TRM was 30%, and 60% of patients developed GVHD. After a median follow-up of 14 months relapsefree survival was 40%. 36 A similar approach was used by Handgretinger et al. 37 who achieved higher doses of CD34 þ cells and used an anti-CD3 MoAb added to the same preparative regimen. This group of patients, mostly children, included both malignant and non-malignant diseases. A total of 17% of 38 patients had primary graft rejection, and engrafted after the second transplant. 37 Low rates of GVHD were noted by applying post transplant immunosupression with mycofenolate mofetil. 37 In both studies, there was a high incidence of viral infections, predominantly CMV reactivation and adenovirus infections, and represented the major cause of NRM at least in the first study. 36, 37 With the present trial, we evaluated the feasibility of the fludarabine, melphalan, thiotepa and ATG reduced-intensity conditioning regimen in 28 patients with hematological malignancies, predominantly AML/MDS, all adults except one, undergoing HaploSCT, and report long-term followup results obtained with this regimen. Engraftment occurred promptly in 96% of the patients, in which antidonor HLA antibodies were not identified. A high rate of graft failure was identified in the presence of DSA, three out of four patients with DSA rejected; a different donor should be sought or alternative treatment strategies may be needed in these patients. Regimen-related toxicity was limited, and the major cause of nonrelapse mortality was because of infectious complications, most likely related to the post transplant immune deficiency intrinsic to T-cell depleted allo-SCT. 37 The great majority of patients in our study had AML/ MDS, most with advanced disease at transplant. This reduced-intensity preparative regimen produced a relatively low rate of regimen-related toxicity and early nonrelapse mortality. Overall, 20% of patients treated with this regimen achieved long-term remission with this approach. Disease burden was the most important factor in determining treatment outcomes; 42% of patients with low disease burden at transplant achieved durable CR, whereas patients with overt relapse fared poorly, similar to myeloablative conditioning, as recently reported in a large retrospective study. 38 Alternative treatment strategies are required for these patients.
We conclude that haploSCT using reduced-intensity conditioning with fludarabine, melphalan, thiotepa and ATG is relatively well tolerated and successful to achieve engraftment after haploidentical T-cell depleted transplantation in patients without donor-specific anti-HLA antibodies. This approach merits further study and ultimately a prospective comparison with more intense conditioning regimens. The presence of DSA appears to be associated with a high rate of graft rejection and routine DSA screening should be pursued in this setting. 
